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Nucleotide Signaling to Activate Erk1/2
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Bacterial flagellin can interact with both Toll-like receptor 5 (TLR5)
and the cell surface glycolipid, asialoGM1, to activate an innate
immune response. The induction of mucin by flagellin in human
lung epithelial cells (NCIH292) is dependent on asialoGMT1 ligation,
ATP receptor signaling, Ca?" mobilization, and Erk1/2 activation.
Conversely, the activation of NF-kB by flagellin is dependent on
signaling through TLRS. These results prompted us to ask whether
the flagellin-induced TLRS signaling pathway was intersecting with
or mutually independent of the nucleotide receptor pathway acti-
vated downstream of asialoGM1. Herein, we demonstrate that the
release of ATP induced by flagellin is dependent on a Toll signaling
cascade. Although Toll was able to activate NF-kB in the absence
of extracellular ATP, Toll required ATP to activate Erk1/2. These
results suggest interdependence between the asialoGM1 and TLR5
pathways and reveal a previously unsuspected role for autocrine
extracellular ATP signaling in TLR signaling.
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Vertebrate hosts detect and respond to bacterial flagellin. How-
ever, mechanisms remain poorly understood. Two types of flagel-
lin receptors have been identified: (1) the glycolipids/gangliosides
asialoGM1, GM1, and GD1a (1); and (2) the transmembrane pro-
tein, Toll-like receptor 5 (TLRS) (2).

TLRS signaling occurs via a classical Toll pathway beginning
with the binding of a pathogen molecule to a transmembrane
TLR and recruitment of the cytosolic adapter, MyDS88, that
interacts directly with the Toll-IL-1 receptor domain. MyD88
then recruits the serine/threonine kinase IRAK (IL-1 receptor—
associated kinase). Via phosphorylation, IRAK activates TNF-«
receptor—associated factor (TRAF6), which in turn activates
TRAF-associated kinase (TAK). TAK links TRAF6 to the IKK
complex that phosphorylates IkBa. Upon phosphorylation,
IkBa is degraded, thereby liberating NF-kB transcription factors
to which it is tethered in resting cells. The activation of NF-xkB
permits transactivation of many of the host defense genes in-
duced by Toll signaling (3-6).
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However, NF-kB'’s target genes are not the only ones induced
by TLR signaling. The upregulation of many key cytokines, such
as IL-8 and MIP3«, and innate defense proteins such as defensins
occur via the activation of other transcription factors such as AP-1,
NF-IL6, and Elk-1 (7-10). Some of these require activation through
extracellular signal-regulated kinase (Erk) 1/2 (11, 12), an event
potentially independent of IRAK, TRAF, and TAK (7, 12, 13).

Previous studies have shown flagellin-induced activation of
Erk1/2 downstream of asialoGM1 (ASGM1) ligation (14, 15).
Earlier we reported that the induction of mucin by flagellin in
human lung epithelial cells was dependent on asialoGM1 liga-
tion, ATP receptor signaling, Ca*" mobilization, and Erk1/2
activation. The possibility that ASGM1 and TLRS might interact
as co-receptors was suggested by data showing that both recep-
tors co-localize with flagellin (15).

In the present studies, we examined the possibility of a func-
tional interaction. Our data suggest that ASGM1 and TLRS
cooperate to activate an ATP receptor. More generally, these
findings provide the first evidence that certain aspects of Toll
receptor function are dependent on ATP receptor signaling.

MATERIALS AND METHODS

Reagents

All tissue culture media and antibiotics were obtained from Invitrogen
(Carlsbad, CA). All chemical inhibitors were purchased from CalBio-
chem EMD Biosciences (La Jolla, CA), except Reactive Blue 2, which
came from Sigma-Aldrich (St. Louis, MO). Anti-asialoGM1 antibody
(a-ASGML1, rabbit polyclonal) was purchased from Wako Chemicals
USA (Richmond, VA). Phospho- and nonphospho-Erk1/2 antibodies
were from Cell Signaling Technology Inc. (Beverly, MA). Rabbit IgG
for control experiments was purchased from Zymed (South San Fran-
cisco, CA). All other antibodies and Protein A agarose were purchased
from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). Fugene 6 was
purchased from Roche Applied Science (Indianapolis, IN). Purified fla-
gellin was purchased from InvivoGen (San Diego, CA). All other re-
agents were purchased from Sigma.

Cell Culture and Transfection

NCIH292 cells transiently transfected with an NF-kB promoter—driven
luciferase reporter gene (pNFkB-TA-Luc; BD Biosciences Clontech,
Mountain View, CA) or Chinese hamster ovary (CHO-K1) cells tran-
siently transfected with full-length human TLRS (A. Gewirtz, Emory
University, Atlanta, GA) and P2Y2 (J. Boyer, University of North
Carolina, Chapel Hill, NC) were maintained in RPMI medium supple-
mented with 10% FBS, penicillin, and streptomycin (100 pg/ml). Unless
otherwise noted, cells were grown in 48-well plates until they reached
60-70% confluence and then transfected overnight with Fugene 6 reagent
according to the manufacturer’s protocol. After transfection, the medium
was changed to serum-free RPMI for 24 h, and cells were incubated
with either the appropriate stimulus (i.e., purified flagellin or anti-
asialoGM1 antibody) or serum-free medium control for 4-6 h. Cells
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were lysed using 100 wl Reporter Lysis Buffer (Promega, Madison,
WI), and relative light units of luciferase activity read using 150 pl
luciferase substrate (Roche/BMB).

MyD88 dominant-negative mutant (MyDC) was the gift of R. Medzhitov
(Yale University School of Medicine, New Haven, CT) (16). TLRS dele-
tion mutant BsrG1 (A695-858) acted as a dominant-negative mutant for
TLRS as previously described (17). For co-transfections using dominant-
negative mutants (DNMs), 0.1 pg of both NFkB and the DNM were
used per well. Cells were transfected overnight with Fugene 6 and lysed
after 44 h. Empty expression vector was added when necessary to
equalize the total amount of DNA transfected.

Immunoprecipitation and Immunoblots

Cell lysates were prepared by adding 500 pl of lysis buffer (20 mM Tris
HCl, 150 mM NaCl, 0.5% Triton X 100, 0.1%SDS, 1 mM EDTA,
1 mM sodium orthovanadate, and a protease inhibitor cocktail containing
pepstatin A, E-64, bestatin, leupeptin, aprotinin, and AEBSF), sonicating
on ice, and pre-clearing by centrifugation at 10,000 rpm for 10 min at
4°C. Equal amounts of lysates were immunoprecipitated overnight at
4°C using a-ASGM1 antibody and Protein A agarose beads. The lysate—
antibody-bead complex was spun down and washed three times with
lysis buffer. After the final wash, 40 pl of SDS gel-loading buffer was
added, the mixture was heated at 100°C for 3 min, and proteins were
resolved by SDS-PAGE. For immunoblot analysis, proteins were trans-
ferred to nitrocellulose membranes using the Bio-Rad Mini Trans-
Blot Electrophoretic Transfer Cell. Membranes were blocked in PBS
containing 0.1% Tween (PBS/Tween) and supplemented with 5% non-
fat dry milk. After 1 h at room temperature, blots were washed with
PBS/Tween and incubated with the anti-TLRS antibody (Santa Cruz
Biotechnology, Inc.) overnight at 4°C. After removing primary antibody
with several washes of PBS/Tween, the blot was placed in the appro-
priate HRP-conjugated secondary antibody for 45 min After several
washes, the antibody-antigen complexes were visualized using the ECL
chemiluminescence detection system (Amersham Life Sciences, Pisca-
taway, NJ). Baseline levels of TLRS in the lysates were visualized
by immunoprecipitation and immunostaining with anti-TLRS antibody
(rabbit polyclonal).

Immunoblots with anti-phospho-Erk1/2 and anti-phospho-IkBa
antibodies were performed on cells grown in 6-well plates and lysed in
125 pl Laemmlli sample buffer supplemented with B-mercaptoethanol
(Bio-Rad Laboratories, Hercules, CA). Proteins were separated by
SDS-PAGE, transferred to nitrocellulose, and blocked as described
above. Blots were incubated with anti-phospho-Erk1/2 (1:2,000) or
anti-phospho-IkBa (1:2,000) overnight at 4°C, washed with PBS/
Tween, and exposed to the appropriate HRP-conjugated secondary for
45 min at room temperature. After washing, antibody—antigen com-
plexes were detected using ECL. Blots were stripped and reprobed

with either anti-Erk1/2 (1:1,000) or anti-actin (1:1,000) to quantify base-
line levels of total protein.

Immunofluorescence and Confocal Imaging

NCIH292 cells plated 3 X 10* cells/cm? on Lab-Tek II slide wells (Nalge-
Nunc International, Rochester, NY) were incubated on ice in serum-
free RPMI medium containing 600 nM Bodipy GM1 (Molecular Probes,
Inc., Eugene, OR) for 30 min before the addition of flagellin.

Cells were maintained at either 4°C or warmed to 37°C for 10 min
and then exposed to flagellin (10 pwg/ml) for 10 min. Cells were washed
once with PBS, fixed with 3% paraformaldehyde for 20 min at room
temperature, and blocked with 10% normal goat serum for 1 h at room
temperature. Immunostaining for 2 h at room temperature using anti-
TLRS rabbit polyclonal antibody (1:200) or an equivalent amount of
isotype control was followed by four washes with PBS and a 1-h incuba-
tion with anti-rabbit cy3 secondary antibody (1:2,000). Nuclei were
stained blue with DAPI using Vectashield Mounting medium (Vector
Laboratories, Inc., Burlingame, CA). Cells were analyzed using the
Zeiss Confocal Laser Scanning Microscope, LSM 510 (Zeiss,
Thornwood, NY).

Calcium Imaging

For real-time recording of [Ca’'], cells were grown in a monolayer
on 10 mm?® polyornithine-coated chambered glass coverslips (Applied
Scientific Instrumentation, Eugene, OR). NCIH292 cells transfected
with MyD88 DNM or vector control were loaded with Fura-2 (30 min
at 37°C) in Calcium Imaging Buffer (CIB) containing (in mM) 130
NaCl, 3 KCl, 2.5 CaCl,, 0.6 MgCl,, 1.2 NaHCOs, 10 glucose, 10 HEPES,
pH 7.45, with 1 pM Fura-2 acetoxymethyl ester and 0.01% pleuronic
acid (Molecular Probes), then rinsed twice with CIB. Images were
collected using a Nikon Diaphot fluorescence microscope equipped
with a variable filter wheel (Sutter Instruments, Novato, CA) and an
intensified CCD camera (Hamamatsu, Bridgewater, NJ). Dual images
(340 and 380 nm excitation, 510 nm emission) were collected and pseu-
docolor ratiometric images monitored during the experiment (Met-
afluor software; Universal Imaging, Molecular Devices Corp., Downing-
town, PA). Cells were initially imaged in 100 pl of CIB, after which
100 pl CIB containing a 1:50 dilution of a-ASGM1 antibody or 10 g/
ml flagellin was added. The number of MyD88 DNM-transfected cells
that mobilized calcium in response to ASGMI1 ligation was quantified
in a minimum of three wells and compared with cells transfected with
empty vector. Experiments were repeated a minimum of three times.

ATP Bioluminescence Assay

ATP release into the extracellular medium was monitored using the
luciferin/luciferase-based Enlighten ATP assay system (Promega).
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Figure 1. NF-kB activation by flagellin is Toll dependent. NCIH292 cells were co-transfected with an NF-«kB TA-luciferase reporter (BD Biosciences)
and either empty vector (EV, solid black bar) or DNM (hatched bar) constructs for TLR5 (left panel), TLR2 (middle panel), or MyD88 (right panel).
Thirty-six hours after transfection, cells were stimulated with flagellin (Fign, 10 wg/ml), an agonist antibody directed against the flagellin receptor,
asialoGM1 (a-ASGM1, 1:100 dilution), or lipoteichoic acid (LTA, 50 wg/ml) for 6 h before cell lysis. Both flagellin and a-ASGM1 induced NF-«B
luciferase activity. The induction by both agents was abolished by DNMs directed against TLR5 and MyD88. To indicate specificity, flagellin-
induced NF-kB activation was unaffected by the TLR2 DNM and NF-«B activation by LTA was unaffected by the MyD88 DNM (22).
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Figure 2. Flagellin induces co-localization of asia-
loGM1 and GM1 with TLR5. (A) NCIH292 cells ex-
posed to flagellin (Fign, 10 pg/ml, 30 min) were
lysed and immunoprecipitated with either
a-ASGM1 antibody (top panel) or a-TLR5 antibody
(bottom panel) and then immunoblotted with
a-TLR5 antibody. Increased association between
ASGM1 and TLR5 occurred in the presence of
flagellin (A, top panel), while expression of TLR5 in
the same lysates remained equivalent (A, bottom
panel). (B) NCIH292 cells plated on Lab-Tek Il slide
wells were incubated on ice in serum-free RPMI me-
dium containing 600nM Bodipy GM1 (mimicking
ASGMT1; Molecular Probes) for 30 min before the
addition of flagellin. Cells were maintained at either
4°C (B, top panel) or 37°C (B, bottom panel) for
15 min and then exposed to flagellin (10 pg/ml,
10 min). Cells were fixed with 3% paraformalde-
hyde for 20 min at room temperature and immuno-
stained using rabbit polyclonal «-TLR5 antibody
(1:200) with an «-rabbit cy3 secondary antibody
(1:2,000). Nuclei were stained blue using Dapi in
Vectashield Mounting medium (Vector Labora-
tories, Inc.). Co-localization of TLR5 and GM1 (far
right panel) is apparent in cells maintained at 37°C
but not those maintained at 4°C. Staining with iso-
type control rabbit IgG was negative (not shown).

Direct measurement of ATP release was performed by growing NCIH292
cells to confluence in 12-well culture plates at 37°C, and then placing
them in serum-free medium (SFM) overnight. The next day, cells were
treated with flagellin or a-ASGM1 antibody in a total of 1 ml of medium
per well. At indicated times after the addition of bacterial stimulus,
100-pl volumes were carefully removed from the surface without per-
turbing the cells and added to 100 wl luciferin/luciferase reagent before
reading in a Monolight luminometer. SFM containing the luciferase
reagent alone was placed in the control wells.

RESULTS

In an earlier report, we showed that ASGML1 ligation causes the
release of ATP, the activation of an ATP receptor, and down-
stream events including the activation of PLC, the mobilization

«
<«

Figure 3. Flagellin-induced ATP release and calcium mobilization are
Toll dependent. NCIH292 cells transfected with empty vector (EV) or
MyD88 DNM were exposed to a-ASGMT1 antibody (1:100) or flagellin
(Fign, 10 pg/ml) for times indicated. (A) ATP release into the extracellu-
lar medium was monitored using a luciferin/luciferase assay. ATP release
was inhibited by DNM MyD88. (B) Ratiometric Ca*" imaging of islands
of NCIH292 cells loaded with Fura-2/AM show increases in the 340/
380-nm excitation fluorescence ratio (510 nm emission) ~ 20 s after
exposure to flagellin (B, bottom left panel). This increase in Ca*" mobiliza-
tion is reduced in the presence of DNM MyD88 (B, bottom right panel).
Quantification of results from three separate experiments is shown in
the histogram.
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of intracellular Ca?*, Erk1/2 phosphorylation, and mucin tran-
scription (14). Subsequently, it was reported that flagellin’s ef-
fects on mammalian cells were mediated by TLRS (2, 17).
This raises the question of whether the observed responses are
triggered by direct binding of flagellin to TLRS, asialoGM1, or
both (18, 19). One possibility is that both molecules are used as
coreceptors. If ASGM1 is a co-receptor for TLRS then ligation
of ASGMI1 using either flagellin or an agonist antibody that
binds to and activates ASGM1 (a-ASGM1) would activate the
TLRS5 signaling pathway (20, 21). One of the major downstream
effects of Toll receptor signaling is the activation of NF-kB. Both
flagellin and the agonist antibody, a-ASGM1 stimulated an NF-
kB-luciferase reporter (Figure 1). Stimulation by both agents
was inhibited by DNM forms of either TLRS (Figure 1, left) or
its downstream adaptor MyD88 (Figure 1, right), but not by a
DNM directed against TLR2 (Figure 1, middle). Specific involve-
ment of TLRS in the flagellin response is indicated by intact
NF-kB activation in the presence of a TLR2 DNM. Moreover,
the MyD88 DNM was ineffective in blocking NF-«kB activation
by lipoteichoic acid (LTA), indicating specificity as previously
described (22). DNM inhibition of the response to the agonist
antibody a-ASGM1 indicated that ASGM1 requires functional
interaction with TLRs to affect downstream signaling.

If ASGM1 and TLRS act as co-receptors then it should
be possible to demonstrate their interaction. As seen in
Figure 2A, an antibody directed against ASGM1 was able to
co-immunoprecipitate TLRS. Notably, the amount of TLRS in-
teracting with ASGM1 increased greatly in the presence of fla-
gellin (top panel), although flagellin did not increase the amount
of TLRS available for direct immunoprecipitation (bottom
panel). Similar results were found with immunolocalization stud-
ies shown in Figure 2B. Lung epithelial cells grown on slide wells
were loaded with Bodipy GM1 (FITC-green) and fluorescently
labeled with TLRS (cy3-red). Upon exposure to flagellin, colocal-
ization of TLRS and GM1 was apparent in cells maintained at
37°C (Figure 2B, bottom panel, far right) but not in cells main-
tained at 4°C (Figure 2B, top panel, far right) or in cells stained
with isotype control rabbit IgG (data not shown).

Based on the above data, we wanted to determine the signifi-
cance of the ASGMI1/TLRS interaction. To assess the potential
Toll dependence at each step in the ASGM1-triggered pathway
leading to the autocrine release of ATP and mobilization of
intracellular Ca’* (14), we blocked Toll signaling using DNM
MyDS88. Data in Figure 3A show that ATP release was strongly
stimulated by either flagellin or a-ASGM1 antibody, although
time-courses were different. The release of ATP extracellularly
is a prerequisite for ATP receptor activation. Independent of
the stimulus, ATP release was inhibited in cells transfected with
the MyD88 mutant. This showed that Toll receptors were involved
upstream of ASGM1-activated ATP release. This effect on ATP
release predicted that signaling downstream of ATP receptors
would also be suppressed by DNM MyD88.

ATP receptors (of the P2Y subtype) are abundant on respira-
tory epithelial cells (23) and signal to downstream effectors via
phospholipase C (PLC), which cleaves phosphatidylinositol
biphosphate (PIP,) to form inositol triphosphate (IP;) and diacyl-
glycerol (DAG). IP; can bind to receptors on the endoplasmic
reticulum, thereby releasing endoplasmic reticulum-stored Ca**
into the cytoplasm. Consistent with its ability to inhibit ATP
release (Figure 3A), DNM MyDS8S also blocked mobilization of
Ca** (Figure 3B).

The results obtained with DNM MyDS88 strongly suggested
that the ASGM1/ATP-dependent effects we described earlier
(14) are controlled by Toll signaling. This raises the question as to
whether ATP receptors might therefore constitute a previously

unrecognized effector system by which Toll receptors mediate
innate immunity.

To examine a potential role for ATP in classical Toll signaling,
we monitored NF-kB reporter activity and IkBa phosphoryla-
tion in response to the exogenous addition of extracellular ATP.
Our experiments showed that ATP was neither necessary nor
sufficient for the activation of IkB/NFkB (Figures 4A and 4B).
Interestingly, though, extracellular ATP was indispensable for
the activation of Erk1/2 (Figures SA and 5B). Specifically, for ex-
periments shown in Figures 4 and 5, we used the ATP-hydrolyzing
enzyme apyrase to test the importance of extracellular ATP to
both the flagellin-induced NF-«B and Erk1/2 pathways. Results
showed that flagellin-induced IkBa phosphorylation proceeded
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Figure 4. ATP does not activate NF-«kB. (A) NCIH292 cells transfected
with an NF-kB-TA luciferase reporter showed increased reporter activity
in response to a-ASGM1 (1:100) and flagellin (Fign, 10 wg/ml), but
not to ATP (100 uM). All incubations were for 6 h. (B) IkBa is phosphory-
lated in response to flagellin in presence or absence of the ATP ecto-
nucleotidase, apyrase (1.5 U/ml). Administration of exogenous ATP has
little effect. Quantification of IkBa phosphorylation by densitometry is
shown in the bottom panel.
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normally in the presence of the ATP-degrading enzyme (Figure
4B). Consistent with this, the administration of exogenous ATP
had minimal effect on IkBa phosphorylation (Figure 4B).

In contrast, data in Figure SA show that Erk1/2, which (like
IkBa) is phosphorylated in response to flagellin, is highly sensi-
tive to apyrase, and thus to the presence of extracellular ATP.
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Figure 5. ATP releasein response toflagellin activates Erk1/2. Cell lysates
prepared from (A) NCIH292 cells and (B) CHO cells were analyzed by
Western blot using antibodies directed against phospho-Erk1/2. Mem-
branes were then stripped and reprobed using an antibody against total
Erk1/2 (A) or actin (B). In A, exogenous addition of ATP (100 wM) or
flagellin (FIgn, 10pug/ml) for 10 min induced Erk1/2 phosphorylation
that was inhibited in the presence of the ATP ectonucleotidase, apyrase
(1.5 U/ml). Results from three separate experiments are quantified
(mean area = SEM) by densitometry. (B) Flagellin induced Erk1/2 phos-
phorylation in CHO cells transiently transfected with TLR5 and the
nucleotide receptor, P2Y2. Phosphorylation did not occur in CHO cells
overexpressing apyrase (CHO(+Apyr)). In contrast, flagellin-induced
IkBa phosphorylation occurred normally in both wild type CHO and
CHO(+Apyr) cells. Densitometry was performed to summarize the re-
sults (mean area = SEM) from three separate experiments. IkBa phos-
phorylation is denoted using solid black bars, while Erk1/2 phosphoryla-
tion is denoted by shaded bars. (C) Densitometry data summarizing
phospho-Erk/total Erk ratios for flagellin stimulated and DNM MyD88-
inhibited NCIH292 cells (mean area = SEM) shows Erk phosphorylation
is Toll like receptor dependent.

Indeed, the administration of exogenous ATP was sufficient to
stimulate Erk phosphorylation in cells that had not seen flagellin
(Figure 5A). Further validation of these results in CHO-K1 cells
stably overexpressing apyrase (CHO-K1-[Apyr] cells, gift of
Dr. Jose Boyer, University of North Carolina School of Medi-
cine, Chapel Hill, and Inspire Pharmaceuticals Inc., Durham,
North Carolina [24]) confirmed that flagellin-induced phosphor-
ylation of IkBa remained intact and Erk1/2 phosphorylation was
inhibited in the presence of extracellular ATP-hydrolysis (Figure
5B). The results in Figures 4 and 5 demonstrate that flagellin
activates IkB/NFkB and Erk by mechanisms differing in their
dependence on ATP, although both are dependent on Toll recep-
tors (Figures 1 and 5C). Of particular interest is the fact that
Erk phosphorylation by flagellin is dependent on both Toll
receptors and extracellular ATP (Figures SA-5C). Taken to-
gether with data in Figure 3A showing that flagellin-induced
ATP release is Toll dependent, results in Figure 5 suggest for
the first time that ATP autocrine signaling is a mechanism
engaged by TLRs to launch antibacterial responses. In agree-
ment with the operation of such a mechanism, both Reactive
Blue 2, a nucleotide receptor antagonist, and BAPTA AM, a
Ca’" signaling inhibitor, blocked flagellin-induced Erk1/2 phos-
phorylation (Figure 6). These results suggest that flagellin
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. '
AL e

ERK1/2

Figure 6. Erk1/2 phosphorylation in response to flagellin is nucleotide
receptor— and calcium-dependent. Cell lysates prepared from NCIH292
cells exposed to flagellin (Fign, 10 pg/ml, 10 min) were analyzed by
Western blot using antibodies directed against phospho-Erk1/2. Mem-
branes were then stripped and reprobed using an antibody against total
Erk1/2. The P2Y nucleotide receptor inhibitor Reactive Blue 2 (RB2,
100 pM) and the Ca*" chelator (BAPTA AM, 15 uM) were administered
30 min before and during the 10-min flagellin exposure. Control cells
exposed to inhibitor alone were negative for Erk1/2 phosphorylation
(not shown).



658 AMERICAN JOURNAL OF RESPIRATORY CELL AND MOLECULAR BIOLOGY VOL 34 2006

Figure 7. Cartoon de-
picting events in flagellin-
triggered host cell sig-
naling. Although Toll is
able to activate NF-kB in
the absence of extracel-
lular ATP, Toll-signaling
requires ATP to activate
Erk1/2. Flagellin causes
an increased association
between ASGM1 and
TLR5 to mediate the au-
tocrine release of ATP.
Once released from the
cell, ATP binds and acti-
vates a G protein-
coupled nucleotide re-
ceptor on the cell
surface, leading to Ca?*
mobilization and Erk1/2

| DEFENSE

phosphorylation.

increases the association between flagellin receptors ASGM1
and TLRS to stimulate the release of ATP. ATP binds and
activates a G protein—coupled nucleotide receptor on the cell
surface, leading to Ca** mobilization and Erk1/2 phosphoryla-
tion. Conversely, flagellin-induced NF-kB activation, although
Toll dependent, occurs independent of ATP (Figure 7).

DISCUSSION

Polymers of bacterial flagellin are organized into flagella, organ-
elles whose whip-like action enhances bacterial motility. As part
of their life cycle, bacteria degrade and renew flagellin; in doing
so, they release flagellin near host cell membranes. In these
studies, we have established a functional link between two pre-
viously described flagellin receptors, ASGM1 and TLRS. Having
previously identified the distal effector mechanisms of ASGM1
(14), we show here that they are Toll dependent. A surprising
implication of this is that TLRs represent upstream effectors of
a nucleotide receptor signaling network, specifically, one lying
upstream of MAP kinase Erk1/2 activation.

Erk is a member of the mitogen-activated protein kinase
(MAPK) family consisting of Erk, Jnk, and p38. Erk 1 and 2 are
isoenzymes with molecular weights of 42 and 44 kD, respectively
(25). Upon phosphorylation, Erk translocates to the nucleus of
the stimulated cell, where it can phosphorylate nuclear sub-
strates, thereby activating them as transcription factors (e.g.,
c-fos, Elk-1, Ets, RSK) (26-29). Erk’s ability to accumulate in the
nucleus depends on its phosphorylation state (30). The classical

upstream effectors of Erk1/2 are Ras, Raf, and Mek. The mecha-
nism by which Toll receptors communicate with Erk is unclear
(7, 15). Tolls generally communicate with distal effector mole-
cules through a pathway involving IRAK and TRAF®6. Interest-
ingly, TRAF6-induced activation of Erk (but not NF-kB) has
been found to be Ras independent (31), thereby showing that
Toll receptors activate NF-kB and Erk via somewhat different
mechanisms, consistent with our data in Figures 4 and 5. More-
over, recent work indicates that flagellin-induced IL-8 and
MIP3a gene expression occurs via a TRAF6-mediated MEK-
dependent (but NF-kB-independent) pathway (7). Interestingly,
this pathway appears to be independent of the evolutionarily
conserved signaling intermediate in Toll pathways (ECSIT),
which interacts with MEKK1 and thereby links TRAF6 to
Erk1/2 signaling (7, 32). In sum, the available data are controver-
sial and do not specify the mechanism by which Toll receptors
activate Erk.

The Toll-Erk signaling pathway is of great significance to
innate immune responses involving cytokine induction (7, 15).
Cytokines are needed for the recruitment of inflammatory cells
to infection sites and also to facilitate cell-cell communication
at these sites, thereby optimizing pathogen clearance. It has been
suggested that the induction of cytokines IL-8 and MIP3a by
flagellin relies on an NF-kB—independent signaling pathway that
requires Erk1/2 (7). Our data indicate that whatever the precise
mechanism mediating Erk activation by flagellin, it is dependent
on both Toll receptors and extracellular ATP (Figures SA-5C).
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ATP is released from cells as a result of multiple stressors,
including: ischemia, injury, and inflammation. The mechanism
of ATP release from intact cells has received considerable atten-
tion but remains poorly understood (reviewed in Refs. 33 and
34). Upon release, extracellular ATP has been shown to act
through specific cell surface receptors to regulate a variety of
responses, including: platelet aggregation, smooth muscle con-
tractility, neurotransmitter function, induction of cell death,
mucociliary clearance, and mitogenic stimulation (reviewed in
Refs. 35-37). These effects are mediated via two different sub-
families of extracellular nucleotide-binding P2 receptors, P2X
and P2Y. P2Y receptors are metabotropic receptors coupled to
G proteins and P2X receptors are ligand-gated ion channels.
Both our previous work and the current study suggest an impor-
tant role for G protein—coupled P2Y receptor activation in fla-
gellin-induced Erk1/2 phosphorylation (14). It is important to
consider, however, that P2X receptors may be equally involved
along with P2Y receptors in this response. In both salivary acinar
cells and astrocytes, Erk1/2 is activated via a PKC-dependent
signaling pathway initiated by P2X7 (38, 39). Human T cells and
mast cells also exhibit ATP-induced activation of Erk1/2 that is
mediated through P2X7 (40, 41), whereas P2X4 invokes neuro-
pathic pain via MAPK-induced production of IL-1p3, IL-6, and
TNF-a (42). It is worth noting that ATP-initiated P2X/MAPK
signaling in T cells leads to the activation of transcription factor
AP-1, while NF-kB activation is reduced. This agrees with our
current observation that flagellin-mediated Erk1/2 phosphoryla-
tion occurs via an ATP-dependent pathway that does not involve
NF-kB. Moreover, because P2X/Erk activation of AP-1 is fully
dependent on the influx of extracellular Ca®*, it suggests that
the release of calcium from both intracellular stores (mediated
by P2Y receptors) and extracellular stores (mediated by P2X
receptors) may be involved in the TLR signaling pathway acti-
vated by flagellin. Further studies will be necessary to define the
ATP release mechanisms initiated by these receptors, as well as
the specific molecular sequence of events that mediates MAPK
activation in response to bacterial pathogens.

Earlier work clearly demonstrated that TLRS recognizes a
conserved site on flagellin required for protofilament formation
and motility (18). Interestingly, efforts to define the affinity con-
stant for flagellin binding to TLRS5 have been hampered by
interactions of flagellin with lipid bilayers (19). Precedent for a
membrane lipid coreceptor can be found for LPS signaling via
TLR4 and the GPI-linked membrane protein CD14, which func-
tions to concentrate LPS at the host cell surface (43). Ganglio-
sides have also been shown to act as coreceptors with TLRS for
flagellin in the induction of hBD-2 (44). This work suggests that
the interaction of gangliosides such as GD1a, GD1b, and GT1b
with flagellin and/or TLRS promotes hBD-2 expression via an
MAPK signaling pathway that involves AP-1. Moreover, both
ganglioside and TLRS expression are necessary for full hBD-2
upregulation in response to flagellin (44). Thus, bacterial ligand
may be captured by high-affinity interactions with lipid-anchored
receptors, but signal transduction requires their interaction with
Toll-like receptors. In our own studies, TLR5-deficient CHO
cells overexpressing ASGM1 showed little if any NF-kB activa-
tion in response to flagellin (data not shown). This supports the
notion that signaling downstream of ganglioside receptors is Toll
dependent, and is consistent with a recent study showing that
the inhibitory effect of gangliosides on flagellin signaling in
macrophage-like cells occurs in the absence of an effect on fla-
gellin binding to TLRS (45).

An important implication of Toll-dependent signaling down-
stream of ASGMI1 is that TLRs represent upstream effectors of
a nucleotide receptor signaling network. Direct examination of
the relationship between TLRs and P2Y receptors has been
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complicated by difficulties in identifying the specific nucleotide
receptor involved in flagellin signaling. Rank order efficiency
testing in lung epithelial cells has not been consistent with the
profile of any currently recognized nucleotide receptors, and a
yet-unidentified P2Y receptor that mediates flagellin signaling
cannot be ruled out. This possibility is the subject of further
investigation as is the potential involvement of P2X receptors
in TLR/ATP signaling.

In summary, our experiments show that host responses trig-
gered at the flagellin receptor ASGM1 are dependent on the
intact functioning of Toll-like receptors, specifically TLRS. The
point of intersection of the two receptor pathways is at or above
the level of ATP release (14). This further reveals for the first
time that certain aspects of TLR signaling are dependent on an
autocrine ATP receptor loop in epithelial cells.
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